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The paper examines the accuracy of two geogrid pullout capacity models used in Japan (Public Works Research Center-PWRC, 2000a) by
comparing measured capacities from a large database of laboratory pullout tests to predicted capacities. One model is the current default
model (Model 1) used when project-speciﬁc laboratory pullout testing is not available and the other when this data is available (Model 2). The
accuracy of the models is quantiﬁed using bias statistics where bias is deﬁned as the ratio of measured pullout capacity to predicted value. Bias
statistics are also a necessary precursor for reliability-based load and resistance factor design calibration for the ultimate pullout limit state in
the internal stability design of geogrid reinforced soil walls. Bias statistics using Model 2 show that pullout predictions are very accurate with
negligible scatter. However, the default model is shown to be very conservative on average with large scatter in bias values which also varies
with magnitude of predicted pullout capacity. A modiﬁed formulation for Model 1 is proposed that has the same number of empirical
coefﬁcients as the current expression (i.e. two). The modiﬁed formulation gives improved accuracy based on the computed mean and
coefﬁcient of variation of bias values, and eliminates the signiﬁcant model bias that is present for the current model. A ﬁnal outcome from
analysis of all available pullout data is that a factor of safety F¼2 is recommended for allowable stress design (ASD) when using the current
PWRC default Model 1, and a value of F¼1.25 is recommended when using Model 2 with project-speciﬁc pullout testing.
& 2012 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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der responsibility of The Japanese Geotechnical Society.1. Introduction
A necessary precursor to rigorous reliability-based load
and resistance factor design (LRFD) calibration of any
limit state equation are statistical estimates of the accuracy
of the models used to compute nominal values for
resistance and load in the limit state equation. An example
is the ultimate (failure) limit state for reinforcement pull-
out in geosynthetic reinforced soil walls. Using a LRFD
format and the case of reinforcement load due only to soil
self-weight plus permanent uniform surcharge loading, this
limit state can be expressed as (Allen et al., 2005):
jRpgQTmaxZ0 ð1Þ
here Rp is the nominal pullout capacity, Tmax is the
nominal maximum pullout load in the reinforcement layerg by Elsevier B.V. All rights reserved.
Table 1
Parameter selection for calculation of geosynthetic pullout capacity using
default model (Model 1-Eq. (2)) (PWRC, 2000a).
Soil Maximum
shear
strength
parameter
values
Coefﬁcients
(see Eq. (2))
Designation
number
Description f
(deg)
c
(kPa)
a1 a2
1 Gravel to ﬁne sanda 35 0 0 1.0
2 Sandb 30 10 0.5 1.0
3
Silty sand or c–f
(cohesive) soil
25 10 0.5 1.0
Notes: The three soil groups are taken from PWRC (2000a).
aHigh quality granular soils. Includes Toyoura sand.
bLower quality sand soils including sands with some apparent cohesion.
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The values of Rp and Tmax are computed using determi-
nistic models. The resistance value is less than one and the
load factor is greater than one. For load and resistance
factor design these values are selected from tables in design
guidance documents (e.g. AASHTO, 2010). On the other
hand, LRFD calibration involves determining the magni-
tude of the load and resistance factors that can be used in
the development of design codes. The magnitude of these
values may be based on ﬁtting to allowable stress design
(ASD) past-practice (i.e. conventional factor of safety
design) or more rigorous reliability theory-based methods,
or a combination of both. The advantage of calibration
using reliability theory is that a target probability of failure
can be selected and the same target probability of failure
used for other limit states in stability design of the
structure and indeed for other types of reinforced soil
systems (e.g. geosynthetic, steel strip, steel grid or multi-
anchor walls). This criterion for a particular class of
reinforced wall type or for all types of systems performing
the same earth retaining wall function cannot be met using
back-ﬁtting to ASD past-practice.
In order to carry-out rigorous LRFD calibration,
statistical quantities related to the accuracy of the deter-
ministic models for load and resistance are needed (Allen
et al., 2005). Detailed examples of the general approach to
compute load and resistance factors are reported by
Bathurst et al. (2008,2011a,2011b). These papers are
focused on internal stability modes of failure for steel
reinforced soil walls but the general approach is valid for
any other simple internal stability limit state for which
sufﬁcient measured load and resistance data are available.
The focus of this paper is on the accuracy of the
resistance term in Eq. (1) representing the ultimate rein-
forcement pullout capacity in a geosynthetic reinforced soil
wall computed according to current Japanese practice
(Public Works Research Center-PWRC, 2000a). A similar
study was reported by Huang and Bathurst (2009). How-
ever, their database was largely based on non-Japanese
pullout test data and they used their data to evaluate the
statistical accuracy of pullout models used in the USA
which are different from those used in Japan. Furthermore,
the soil types used in Japan include cohesive–frictional (c–f)
soils whereas the database used by Huang and Bathurst was
restricted to frictional (granular) soils.
1.1. Pullout capacity models
The deterministic model for geosynthetic pullout capacity
(Rp) used in Japan (PWRC, 2000a) can be expressed as:
Rp ¼ 2Le a1cþa2svtanfð Þ ð2Þ
here pullout capacity is expressed in units of force per unit
running length of wall face. Parameter Le is the pullout
(embedment) length, sv is vertical stress, and c and f are soil
cohesive strength and peak friction angle, respectively. For
the ASD approach used in Japan (PWRC, 2000a), the valueof Rp is divided by a factor of safety (F¼2) such that the
maximum design pullout load must satisfy lTmaxrRp/F.
Here, coefﬁcient l¼1 for the calculation of the pullout
capacity at the free end of a reinforcement layer and l¼0.4
for the wrapped tail at the front of a geosynthetic wrapped-
face wall. These values for l and factor of safety are used for
pullout design using Model 1 and Model 2 described next.
The selection of c, f and the magnitude of the pre-
sumptive coefﬁcients a1 and a2 are based on whether or not
pullout test data are available for the combination of soil
and geosynthetic assumed for the project during design. In
this paper, the two conditions are related to default Model
1 (no pullout data) and Model 2 (project-speciﬁc pullout
data available). Model 1 is used when project-speciﬁc
laboratory pullout testing is not available and default
coefﬁcient values based on project soil category must be
used in the pullout capacity equation. Hence the term
‘‘default model’’ is used in this paper to distinguish this
interpretation of the pullout equation in PWRC (2000a)
from the case when coefﬁcient terms in the pullout
equation can be determined from actual pullout testing
using soil and geogrid combinations that are representative
of project materials. The selection of parameters for
default Model 1 using Eq. (2) is summarized in Table 1.
It should be noted that the rules to select the three soil
categories in the table according to the PWRC (2000a)
guidance document are subject to interpretation and
experience by engineers. However, the same document
makes it clear that the quality of the soil for the construc-
tion of geosynthetic reinforced soil structures decreases in
the order of 1 (most desirable) to 3 (least desirable). Prior
to the database analysis some tests were placed in soil
categories based on the writer’s best judgment of current
Japanese engineering practice. For example, pullout tests
performed with Toyoura sand were considered to have
been carried out with Type 1 soil.
In the PWRC (2000a) approach using default Model 1,
the soil strength components for f and c are capped at
values according to the soil type as shown in Table 1.
Y. Miyata, R.J. Bathurst / Soils and Foundations 52 (2012) 620–633622Examples of Type 3 (c–f) soils in Japan are residual
granitic (Masa) soil, cohesive Kanto loan soil, and volcanic
Shirasu pumice soil.
For Model 2, pullout capacity Rp is computed using
equivalent c¼cn and f¼fn values (from laboratory pull-
out tests) and setting a1¼a2¼1 in Eq. (2). For Model 2,
values of cn and fn are not capped. The development of
laboratory pullout testing practice in Japan and the
interpretation of the test results is explained below.2. Pullout testing in Japan
The ﬁrst systematic attempt to compare the pullout
capacity of geogrid products in Japan is described by Sakai
et al. (1989). They carried out inter-laboratory (round-
robin) testing of two different geogrid products using
equipment located at three different manufacturer labora-
tories, three universities and at the Public Works Research
Institute (PWRI) in Japan. The pullout boxes varied with
respect to dimensions and specimen arrangement. Not
surprisingly, there was large variability in reported pullout
capacity between nominal identical tests. Akagi et al.
(1994) reported the results of pullout tests using Toyoura
sand and ﬁve different geogrid products available in Japan
at that time. The products varied with respect to constitu-
ent polymer and fabrication, but all had similar nominal
tensile strengths. Despite similar tensile strengths, test
results varied widely with respect to pullout capacity.
Akagi et al. (1994) remarked that the use of non-standard
testing devices and different soil preparation contributed
to the wide range of pullout capacities recorded for the
products tested. The results of these initial investigations
led to the development of an unpublished draft pullout
testing standard by the Japanese Geotechnical Society
in 1994.
Kuwano et al. (1999) described the results of pullout
testing on 11 geogrid products reported by the Public
Works Research Center (PWRC). They attempted to
correlate the results of pullout capacity to other properties
of the geogrid products such as tensile strength, junctionFig. 1. Method to back-calculate equivalent interface shear strength parstrength, tensile stiffness and geometry of the products.
However, the results were not encouraging. This experi-
ence together with the earlier cited studies highlighted the
need for project-speciﬁc testing for the design of geosyn-
thetic reinforced soil structures and standardization of
pullout testing equipment and test preparation. Today,
the pullout testing methodology published by the Japanese
Geotechnical Society (JGS, 2009) represents recommended
practice in Japan. The recommendations in this guidance
document are described later in the paper.
The PWRC provides a certiﬁcation program to ensure
that all products are tested to the same high standards
including pullout testing. The PWRC (2000a) design
guidance document explains how the results of pullout
tests are used for internal stability design of geosynthetic
reinforced soil walls, slopes and embankments.3. Pullout test equipment, methodology and interpretation
The JGS (2009) pullout test standard makes the follow-
ing recommendations: (a) minimum box dimensions-length
B¼300 mm, width W¼200 mm, and height H¼200 mm,
(b) displacement rate of 1 mm/min at front of specimen, (c)
maximum displacement at the front of reinforce-
ment¼0.2Le where Le is the embedment length of the
specimen, (d) ﬂexible (airbag) surcharge loading system, (e)
displacements measured at the front and back end of the
specimen and at four or ﬁve internal locations, and (f)
minimum of three different vertical stresses per geosyn-
thetic-soil type.
Major differences between Japanese practice and the
USA are that pullout boxes in Japan do not require an
internal sleeve at the front of the box and there is no
requirement for a gap between the edges of the specimen
and the sides of the pullout box (ASTM D6706, 2001).
A critical review of current pullout box testing methodol-
ogy and interpretation in Japan is beyond the scope of this
paper. The reader can ﬁnd a useful summary of factors
that can inﬂuence pullout test results in the paper by
Huang and Bathurst (2009).ameters c* and f* from pullout box tests according to JGS (2009).
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f¼f* values is to ﬁnd the slope of the interface shear
strength (tmax) versus normal (vertical) stress (sv) data
points (Fig. 1a). Here tmax¼Fmax/2Le where Fmax is the
peak pullout load and Le is the embedment (pullout)
length. This procedure is called the average area method
and the justiﬁcation for this approach is explained by
Ochiai et al. (1996). In the current study, the far-end
boundary condition for the geogrid specimen in each test
was one of the two cases shown in Fig. 1b. The procedure
to compute Le is illustrated for each case based on
recommendations in JGS (2009).
4. Pullout test database
The database of pullout tests used in the current
investigation is summarized in Table 2. The table shows
that there are a total of 56 different geogrid products (data
sets) and a total of 503 individual pullout tests. For
comparison purposes, it should be noted that Huang and
Bathurst (2009) used a total of 117 data sets and 318
pullout tests. However, some of their data sets correspond
to the same product. In the current study, only Japanese
pullout test data is considered because of the differences in
test methodology noted earlier and all data are taken from
PWRC reports. The pullout tests were carried out by the
manufacturers using pullout testing equipment and meth-
odology approved by the PWRC certiﬁcation program.
Hence, the inﬂuence of inter-laboratory test variability on
pullout test results is assumed to be negligible. Finally, noTable 2
Database of pullout tests.
Source identiﬁcation
number
Number of data
setsa
Number of tests (data
points)
Geosyntheti
typeb
1 5 57 1
2 2 15 2
3 5 35 5
4 4 31 5
5 2 21 5
6 1 11 1
7 5 40 4
8 5 52 3
9 5 33 5
10 5 45 4
11 3 27 4
12 6 54 5
13 1 9 1
14 4 46 5
15 1 9 5
16 2 18 5
Total 56 503
aEach data set corresponds to an individual geogrid product in a product
in Table 1.
bSee Table 3.
cAll pullout boxes equipped with ﬂexible airbag to apply vertical stress; B¼ l
No internal sleeve at the front of the test boxes with the exception of source
dCertiﬁcate number is used here to identify the matching PWRC report inattempt was made to re-interpret pullout test results based
on pullout box dimensions or arrangement. There are no
data available that can be used to quantify the inﬂuence
(if any) on the type of test arrangement (as shown in
Fig. 1b) on pullout test results. The Japanese standard
(JGS, 2009) does not make any recommendations to adjust
the interpretation of pullout box tests beyond what is
described in this paper.
Geogrid reinforcement products are grouped in ﬁve
categories based on material type and structure
(Table 3). The range of values for each product description
is computed from different products falling in the same
classiﬁcation. The soil materials in the current study are
categorized according to the three soil groups described
earlier. The range of soil properties is summarized in
Table 4. The soil data have been taken directly from the
original PWRC reports. In current Japanese design prac-
tice, adjustments to increase peak friction angles from
triaxial test results to peak plane strain friction angle
values are not speciﬁcally recommended. Consequently,
no attempt was made to adjust triaxial soil shear strength
values reported in the source documents to plane strain
values or otherwise to re-interpret these data.
Each test series in these reports includes pullout load-
displacement measurements recorded by extensometer
points attached to the front, interior locations and the
back end of the reinforcement specimen (Fig. 1b). Only
tests in which pullout occurred (i.e. displacement of the
free end of the reinforcement specimen occurred) are used
in this paper.c Pullout box dimensions (BWH)c
mmm
PWRC report
year
Certiﬁcate
numberd
0.6 0.4 0.4 2006 0901
0.6 0.4 0.4 2006 0901
1.0 0.3 0.33 2002b 0120
1.0 0.3 0.33 2008a 0804
1.0 0.3 0.33 2002a 0119
0.9 0.6 0.6 2004b 0413
0.9 0.6 0.6 2000c 1205
0.9 0.3 0.6 2007a 0214
0.6 0.43 0.22 1993 0502
0.6 0.33 0.22 2005 0432
1.0 0.6 0.4 2008b 0808
1.2 0.6 0.6 2007b 0704
1.2 0.6 0.6 2000b 1110
1.2 0.9 0.6 2004a 0412
0.7 0.38 0.3 1998 1004
0.7 0.38 0.3 1998 1004
series. Each product type was tested with all three soil groups identiﬁed
ength, W¼width and H¼height of box. All tests carried out at 1 mm/min.
number 14 tests that were carried out in a box with a 0.3 m sleeve.
the reference list.
Table 3
Summary of geogrid reinforcement properties.
Material In-isolation
secant stiffness at
5% straina (kN/
m)
Ultimate
strengtha
Tu (kN/m)
Spacing in
transverse
directionb
(mm)
Spacing in
longitudinal
directionb
(mm)
Aperture
transverse to
longitudinal
aspect ratio
Specimen
width (m)
Specimen
length Le
(m)Number
designation
Description
1 Uniaxial HDPE Max 2300 224 265 23 1.43 0.50 0.80
Median 1000 98 168 22 0.13 n/a 0.60
Min 510 48 166 19 0.08 0.40 0.50
2 Biaxial PP Max 530 37 28 40 1.43 0.40 0.60
Median 530 n/a n/a n/a n/a n/a n/a
Min 300 22 28 40 1.08 0.40 0.60
3 Heat bonded PP tapes Max 2800 151 80 40 1.08 0.30 0.80
Median 1900 107 n/a n/a 1.08 n/a n/a
Min 1200 56 80 40 0.28 0.30 0.50
4 Woven or knitted PET Max 2200 205 40 40 1.00 0.50 1.00
Median 550 88 25 25 0.89 0.36 n/a
Min 220 27 21 23 0.08 0.33 0.50
5 Woven or knitted ﬁbers
made of Aramid, POMc,
Vectoran or Vinylon
Max 3700 203 100 50 1.10 0.40 1.20
Median 1400 95 45 28 0.50 0.35 0.50
Min 760 34 18 16 0.14 0.20 0.35
aIn-isolation constant rate-of-strain tests carried out at 1% and 20% strain per minute. Values shown have been log-linear interpolated to give values
matching tests carried out at 10% strain matching ASTM D4595 (2001) and ASTM D6637 (2001).
bInside center-to-center distance.
cPolyoxymethylene ﬁbers coated with ethylene-vinyl acetate polymer (Akagi et al., 2004). n/a¼not applicable since there are only one or two values in
the data group.
Table 4
Summary of soil properties in pullout database. Note that shear strength parameters are from triaxial tests and as reported in
the PWRC source documents.
Soil type number
designation
D60
a (mm) D10
a (mm) Bulk unit weight,
g (kN/m3)
Triaxial test
type c
Peak friction
angle, f (degrees)
Cohesion,
c (kPa)
1 Max 2.7 0.3 18.2 CD 43 10b
Median 0.21 0.15 15.4 39 0
Min 0.21 0.15 14.6 33 0
2 Max 3 1.5 21.3 CD 38 31.7
Median 1.23 0.05 18.2 33 6
Min 0.4 0.005 14.7 19 0
3 Max 0.2 0.05 21.4 CU 26 49
Median 0.05 0.02 13 6.1 18.3
Min 0.001 0.002 11.5 4 1.8
aD10, D60¼particle size for which 10% and 60% of soil sample is less than.
bToyoura sand prepared to 80% relative density.
cCD¼consolidated-drained triaxial compression test giving effective stress strength parameters. CU¼consolidated-
undrained triaxial compression test giving total stress strength parameters.
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type is summarized in Table 5.
Fig. 2a and b show the cumulative distributions for
normal stress and maximum pullout capacity, respectively,
for all pullout tests in the database regardless of geosyn-
thetic type. Fig. 2a show that about 35% of the tests were
carried out under a normal stress of 40 kPa or less, and
about 90% of tests were carried out at 100 kPa or less. The
highest conﬁning pressure was 200 kPa. The cumulativedistribution plot in Fig. 2b shows that about 45% of the
measured pullout capacities were 30 kN/m or less and
almost all less than 100 kN/m. Comparison with similar
cumulative distribution plots for the database of pullout
tests collected by Huang and Bathurst (2009) reveals that
the normal loads in the current database at the low end of
the cumulative distribution plot are higher than in the
Huang and Bathurst database. However, the distributions
of pullout capacity are similar.
Table 5
Summary of pullout test geogrid reinforcement and soil type combinations.
Geogrid material Soil type Number of tests
Number designation Description 1 2 3 S¼
1 Uniaxial HDPE 28 26 23 77
2 Biaxial PP 5 5 5 15
3 Heat bonded PP tapes 20 17 15 52
4 Woven or knitted PET 42 35 35 112
5 Woven or knitted ﬁbers made of Aramid,
POMa, Vectoran or Vinylon
99 77 71 247
Number of tests S¼ 194 160 149 503
aPolyoxymethylene ﬁbers coated with ethylene-vinyl acetate polymer (Akagi et al., 2004).
Fig. 2. Cumulative distribution plots for normal stress and pullout capacities recorded in geogrid pullout test database: (a) normal stress and (b) pullout
capacity.
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The pullout models that were examined in this investiga-
tion are summarized in Table 6. Models 1a through 1g are
modiﬁcations to the current PWRC (2000a) default Model 1
introduced earlier. Similarly, Model 2a is a modiﬁcation to
the current PWRC model when pullout data are available.
These reﬁnements are made to quantify the inﬂuence on
model accuracy of: (a) current criteria used to restrict soil
strength parameters (capping), (b) the magnitude of the
presumptive empirical coefﬁcients a1 and a2, and c) a non-
linear correction to the current formulation of Model 1.
A complication that was observed for six of 56 shear
strength versus normal stress plots generated using Model 2
was a negative intercept for the linear regressed failure line
(see Fig. 1a). For these cases the regressed line was forced
through the origin (cn¼0) and fn computed using the
corrected line. Analysis showed that the effect of this
correction on statistical outcomes versus leaving the negative
value uncorrected was negligible. This can be understood by
the small number of these cases and the small magnitude of
the negative intercept values when negative values were
generated. Physical explanation for positive values of appar-
ent cohesion term in sand materials (such as minor suction)
cannot be determined from the source data available and
such mechanistic issues are beyond the scope of the current
paper. The decision to include the cohesion term for pullout
design for a particular project must be based on the
experience and judgment of the design engineer.5.1. Model 1 (default model with soil strength capped)
Fig. 3 shows measured pullout capacity (Rm) versus
predicted pullout capacity (Rp) using (default) Model 1 for
all data and the data parsed according to the three soil
groups. In this model constant coefﬁcient terms have theTable 6
Current and revised Model 1 and Model 2 pullout capacity models.
Model Equation Co
Description Designation a1
Default models
(no pullout data)
1a
Rp ¼ 2Le a1cþa2svtanfð Þ
De
1a De
1b Op
1c Op
1d
Rp ¼ z½2Le a1cþa2svtanfð Þk
De
1e De
1f 1
1g 1
Pullout data
availablea
2a
Rp ¼ 2Le cnþsvtanfn
  If c
env2a
aCurrent PWRC (2000a) models.
bSee Table 7b.values shown in Table 1 and soil strength values are
capped. The data have been plotted with logarithmic axes
in order to visually detect data points with low capacity
values. The visual impression from the plots is that
measured pullout capacities increase with predicted values.
Furthermore, most of the data points fall above the 1:1
correspondence line (F¼1) indicating that the default
model tends to underestimate pullout capacity. Super-
imposed on the plots in Fig. 3 are ratio lines for measured
to predicted pullout capacity corresponding to a factor of
safety F¼1.5 and F¼2 recommended by PWRC (2000a).
All data points fall above the F¼2 line conﬁrming that
current design practice is safe. However, this factor of
safety can be argued to be excessively safe since 98% of all
soil data points in Fig. 3a fall above a line corresponding
to a factor of safety of 1.5.
Quantitative measures of model accuracy can be
described by statistical quantities computed for bias values
where bias is the ratio of measured capacity to predicted
capacity. For the ideal case of a perfect model and no
sources of variability in input parameters, the mean of bias
values is one (all data points falling on the 1:1 (F¼1)
correspondence line) and the COV is zero (COV¼one
standard deviation of bias values/mean of bias values). In
geotechnical engineering this is an unlikely occurrence.
Superimposed on the plots in Fig. 3 are lines correspond-
ing to the mean (mR) and mean71 standard deviation
(mR(17COVR)) of the bias values for each data group. For
all data (Fig. 3a) the average bias value mR¼1.35 and the
coefﬁcient of variation of bias values COVR¼0.38. This means
that on average the measured pullout capacity using Model 1 is
35% greater than the predicted values and the spread in bias
values is 38%. The mean (mR) and mean71 standard
deviation (mR(17COVR)) values are summarized in Table 7a.
Fig. 4 shows data for all soil categories plotted as bias
versus predicted pullout capacity using Model 1. An
important qualitative observation from the data in Fig. 4efﬁcients c, f
a2 Capping
faultb Yes
faultb No
timizedb Yes
timizedb No
fault Yes
fault No
1 Yes
1 No
no0 then cn¼0 and linear failure
elope is forced through zero
8><
>:
No
If fn4f then fn¼f
If cn4c then cn¼c
Fig. 3. Measured versus predicted pullout capacity using current default Model 1. (a) All data, (b) Soil 1, (c) Soil 2 and (d) Soil 3.
Y. Miyata, R.J. Bathurst / Soils and Foundations 52 (2012) 620–633 627is that the mean and scatter in bias values increase with
decreasing magnitude of predicted pullout capacity.
Hence, the accuracy of the model varies strongly with
magnitude of the predicted value Rp. The strength of any
monotonic decreasing (or increasing) relationship between
pairs of dependent and independent data can be quantiﬁed
using the Spearman rank coefﬁcient (r). A value of zero
means that there is no relationship between data sets. The
Spearman’s r¼0.554 for the data in Fig. 4. This value
conﬁrms that there is a strong relationship between bias
values and Rp. An alternative, but less rigorous, apprecia-
tion of the trend in the data can be made by ﬁtting a linear
regressed line to the data in the plot as shown in the ﬁgure.
The negative slope is statistically signiﬁcant at a level of
signiﬁcance of 5%.
5.2. Model 2 (pullout data and soil strength uncapped)
Figs. 5 and 6 show similar data using Model 2. Here the
predicted capacity values are computed using back-calcu-
lated shear strength parameters from each test in a pullouttest series. Not unexpectedly, the distribution of data
points is visually much more tightly clustered about the
1:1 (F=1) correspondence line in Fig. 5 and the scatter in
the data is much less. An important implication to geogrid
pullout design using ASD and Model 2 is that F¼2 is
much more conservative using Model 2 than Model 1. In
fact, all data points fall above F¼1.5 and only two of 503
data points fall below a line corresponding to F¼1.25.
Bias statistics for these data plots are summarized in
Table 7a. For all data (Fig. 5a) the average bias value
mR¼1.00 and the coefﬁcient of variation of bias values
COVR¼0.05.
Fig. 6 presents all bias data points plotted against
predicted pullout capacity using Model 2. The narrow
distribution of bias values with predicted capacity is
consistent with the comments made above regarding the
same data in Fig. 5a. Compared to Model 1 data in Fig. 4,
the results of the Spearman rank order correlation test is
r¼0.033 which means that there is no correlation
between bias values and predicted pullout capacity (Rp)
values. This outcome is conﬁrmed by the linear regressed
Table 7
Results of bias analyses.
a) Bias values.
Model
designation
All data Soil 1 Soil 2 Soil 3
Bias
mR
(a)
COVR
(b)
(%)
Spearman’s
r(c)
Bias
mR
(a)
COVR
(b)
(%)
Spearman’s
r(c)
Bias
mR
(a)
COVR
(b)
(%)
Spearman’s
r(c)
Bias
mR
(a)
COVR
(b)
(%)
Spearman’s
r(c)
1 1.35 38 0.554 1.11 23 0.426 1.28 27 0.469 1.75 37 0.364
1a 1.10 31 0.554 0.99 23 0.449 1.05 25 0.554 1.30 34 0.258
1b 1.00 27 0.299 1.00 23 0.427 1.00 27 0.457 1.00 33 0.113
1c 1.00 27 0.346 1.00 22 0.378 1.00 25 0.554 1.00 33 0.135
1d 1.00 28 0.129 0.93 22 0.445 0.99 23 0.349 1.10 34 0.098
1e 1.00 27 0.229 0.99 24 0.517 1.00 22 0.449 1.02 34 0.306
1f 1.00 26 0.069 0.98 20 0.068 1.00 25 0.042 1.03 33 0.173
1g 1.00 27 0.096 1.03 23 0.166 1.03 22 0.089 0.93 36 0.110
2 1.00 5 0.033 1.00 5 0.055 1.00 5 0.015 1.00 6 0.023
2a 1.38 40 0.376 1.33 38 0.417 1.37 37 0.409 1.45 44 0.159
b) Coefﬁcient values for current and modiﬁed default pullout models.
Model designation Coefﬁcients Soil 1 Soil 2 Soil 3
1, 1a a1 Current default values 0.0 0.5 0.5
a2 1.0 1.0 1.0
1b a1 Optimized 0.0 0.7 1.3
a2 1.1 1.3 1.2
1c a1 Optimized 0.2 0.5 0.8
a2 1.0 1.1 1.0
1d, 1e a1 Current default values 0.0 0.5 0.5
a2 1.0 1.0 1.0
1f, 1g a1 Constant 1.0 1.0 1.0
a2 1.0 1.0 1.0
c) Empirical correction factors for modiﬁed default pullout models based on back-ﬁtting to all soil data.
Model designation Correction factors
x k
1d 3.94 0.66
1e 3.94 0.62
1f 1.78 0.87
1g 1.77 0.81
aMean of bias values; bias¼measured pullout capacity/predicted pullout capacity.
bCOVR¼coefﬁcient of variation of bias values¼standard deviation of bias values/mean of bias values.
cSpearman rank order correlation test for bias values and predicted pullout capacity (Rp).
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signiﬁcance of 5%.
5.3. Implications to design
The results of analyses presented thus far demonstrate
quantitatively that Model 2 is very accurate on average
with very small error. However, Model 1 is very conserva-
tive and there is much larger spread in bias values
indicating greater prediction error. If either model is used
in ASD practice the accuracy and error in prediction
accuracy can be compensated for by using an appropriate
factor of safety (F). A value of F¼2 ensures that all
available measured pullout capacity values are greater than
predicted values using (default) Model 1. However, F¼2
can be argued to be excessively safe if Model 2 is used as
noted above.
If the same models are used for LRFD design, the mean
and COV of bias values of the model enter directly intoestimates of probability of failure. Hence, the accuracy of
the model used in the resistance side of any limit state
function has quantitative consequences. Allen et al. (2005)
and Bathurst et al. (2008,2011b) showed that it is desirable
to have the mean of the bias values for the resistance side
in limit state functions of the form of Eq. (1), close to or
slightly greater than one and the value of COV as small as
possible. If the mean value is greater than one, the
computed resistance factor in Eq. (1) may be greater than
one to satisfy a reasonable probability of failure. This is an
undesirable calibration outcome. Bathurst et al. (2011a)
demonstrated this point by investigating the inﬂuence of
anchor capacity model accuracy on LRFD calibration of
the pullout limit state for multi-anchor walls (MAWs). In
order to calculate a reasonable resistance factor (jo1) a
modiﬁed anchor capacity equation proposed in a compa-
nion paper was required (Miyata et al. 2011). Another
important requirement to carry out LRFD calibration of a
linear limit state function of the form of Eq. (1) is that bias
Fig. 5. Measured versus predicted pullout capacity using current Model 2. (a) All data, (b) Soil 1, (c) Soil 2 and (d) Soil 3.
Fig. 4. Pullout capacity (bias) versus predicted pullout capacity using current default Model 1 and all soil data.
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Fig. 6. Pullout capacity (bias) versus predicted pullout capacity using current Model 2 and all soil data.
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be uncorrelated (i.e. no model bias) (Bathurst et al. 2008,
2011b). This criterion is satisﬁed for Model 2 but not for
Model 1.
In the current paper, the impact of soil strength capping
and selection of coefﬁcient values (a1 and a2) on bias
statistics for Model 1 are examined and then the introduc-
tion of correction factors is investigated to both improve
model accuracy and remove model bias.
5.4. Modifications to Model 1
The inﬂuence on bias statistics of soil strength capping
with and without changes to constant coefﬁcient values
(a1 and a2) was investigated ﬁrst. These permutations are
identiﬁed as Models 1a, 1b and 1c in Table 6. The
coefﬁcient terms in Models 1b and 1c were determined
by using non-linear optimization to ﬁnd values of constant
coefﬁcients that minimize COVR (spread in bias values)
and then rounding the optimized coefﬁcient values to one
decimal place. For brevity, plots similar to Figs. 4 and 5
are not presented. However, the corresponding mean (mR)
and COVR of bias values are given in Table 7a and
optimized constant coefﬁcient values in Table 7b.
The summary data in Table 7a shows that current
default Model 1 was improved by removing the cap on
soil strength values (compare Model 1a to Model 1). The
mean bias value using all data changed from 1.35 to 1.10
and there was a small reduction in spread of bias values
(COVR from 38% to 31%). Similar improvements in mean
bias and small or no improvement in bias spread can be
noted when the bias data are parsed into the three soil
categories. However, the large magnitude of Spearman’s r
for all soil data sets demonstrates that model bias was not
reduced.Table 7a shows bias values for Model 1 with constant
coefﬁcients optimized, and soil strength values capped
(Model 1b) and uncapped (Model 1c). The optimization
was carried out separately for each soil category. The
computed constant coefﬁcient values are shown in
Table 7b. Comparison of bias statistics with current Model
1 shows that there are improvements to mean bias values
(mR¼1.00 for both Model 1b and 1c) and there is a small
reduction in COVR in most cases. Nevertheless, unaccep-
table model bias is present (i.e. strong correlation between
bias values and predicted Rp values at a level of signiﬁ-
cance of 5% in all cases).
Huang and Bathurst (2009) examined the accuracy of
geogrid pullout models used in the USA (AASHTO, 2010;
FHWA, 2009). This earlier work showed that bias statis-
tics could be improved by introducing empirical correction
factors to existing geogrid pullout models in the form of a
dimensionless constant multiplier (z) and a dimensionless
power term (k) applied to the original expression. How-
ever, recall that the geogrid models used in Japan are
different from those used in the USA. Furthermore, the
database of pullout tests used by Huang and Bathurst was
restricted to cohesionless granular soils while c–f soils are
permitted in Japan. Nevertheless, the same general
approach can be applied to the current default Japanese
Model 1 resulting in the following equation identiﬁed as
Model 1d through 1g in Table 6:
Rp ¼ z½2Le a1cþa2svtanfð Þk ð3Þ
The treatment of constant coefﬁcients (a1 and a2) and
soil strength values is also shown in Table 6. The
determination of empirical correction factors (z, k) was
carried out using non-linear optimization with the objec-
tive function taken as the minimization of COVR and using
all data. Optimization leads to the empirical correction
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the constant coefﬁcients with capped or uncapped soil
strength values for all soil data (Model 1d and 1e,
respectively) improves bias statistics and Spearman’s r
value compared to Model 1 (Table 7a). However, model
bias varies widely when back-ﬁtting is carried out using
data subsets based on soil category. A better outcome
occurs when a1¼a2¼1 and soil strength parameters are
capped or uncapped (Model 1f and 1g, respectively).
Model 1f with capped strength values and using all soil
data can be seen to be slightly more accurate based on
spread in bias values and gives a slightly better Spearman’s
r value. Nevertheless, the differences in outcomes for these
two models are similar and optimized correction factorsFig. 7. Modiﬁed default Model 1f. (a) Measured versus predicted pullout ca
all soil data.are close (Table 7c). An advantage of Model 1f and 1g is
that there are only two constant coefﬁcients which is the
same number in the current default model recommended in
PWRC (2000a).
Measured versus predicted capacity values using Model
1f are plotted in Fig. 7a. The data can be seen to be more
closely distributed about the 1:1 correspondence line
compared to Model 1 (Fig. 3a). A factor of safety of
F¼3 is required to capture all but one data point
compared to Model 1 with F¼2. However, it is important
to recall that the average of all data is now closer to F¼1
rather than F¼1/1.35¼0.74 for the original Model 1.
Furthermore, Model 1f is more accurate on average.
It can be noted that if only Soil 1 and Soil 2 are usedpacity (b) pullout capacity (bias) versus predicted pullout capacity and
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in spread of bias values using Model 1f compared to
Model 1 can be seen visually by comparing Figs. 7b with 4.
6. Conclusions
A necessary precursor to LRFD calibration for the
ultimate limit state for geogrid pullout in geosynthetic
reinforced soil walls is statistical data from laboratory
pullout tests. This study presents a synthesis of test data
available in the Japanese literature. A second requirement
for LRFD calibration are the mean and spread of bias
values where bias is the ratio of measured to predicted
pullout capacity. Measured values are taken from labora-
tory pullout tests and predicted values are computed using
two pullout capacity design models recommended in Japan
PWRC (2000a).
This study shows that the current default model to
predict pullout capacity is very conservative with a mean
bias value of 1.35 and coefﬁcient of variation (COV) of
bias values of 38% based on all available data. This means
that the default model (Model 1) underestimates pullout
capacity and there is large scatter in model accuracy.
Furthermore, the accuracy of the model is sensitive to
the magnitude of predicted pullout capacity which is a
disadvantage for both ASD and LRFD calibration and
practice. In contrast, the current model (Model 2) to
estimate pullout capacity using project-speciﬁc soil testing
is very accurate with a mean bias value of one and COV of
5% based on all soil data. In addition, there is no
signiﬁcant model bias. The disadvantage of Model 2 is
that it requires project-speciﬁc testing which is both time
consuming and expensive.
In order to improve the accuracy of default Model 1 and
to remove model bias, a revised formulation is proposed in
which two empirical coefﬁcients (a constant multiplier and
a power term) are applied to the original formulation. The
revised formulation has the same number of empirical
coefﬁcients (two) as the current expression but results in a
mean bias value of one and a COV of 26% using all soil
data. Furthermore, there is no statistically signiﬁcant
model bias. There are slightly improved bias statistics
using this model with capped shear strength values, as
currently recommended in the PWRC (2000a) design
guidance document, compared to using uncapped values.
The ﬁnal recommended model using capped soil shear
strength values is expressed as
Rp ¼ z½2Le cþsvtanfð Þk ð4Þ
where the dimensionless coefﬁcients are z¼1.78 and
k¼0.87.
The magnitudes of the empirical coefﬁcients recom-
mended here are inﬂuenced by the database of pullout
tests available to perform the back-ﬁtting. Hence, as more
data becomes available these coefﬁcients should be re-
examined using the larger database and modiﬁed if
necessary. However, the bias value databases for boththe modiﬁed default model (Eq. (4)) and the current
project-speciﬁc model (Model 2) provide a useful starting
point for LRFD calibration of the pullout ultimate limit
state for geogrid reinforced soil walls in Japan. This work
is now underway by the authors.
Finally, the results presented here also have implications
to current ASD practice in Japan. The bias statistics show
that a factor of safety F¼2 using the current default
Model 1 is conservatively safe, but the same factor of
safety applied to Model 2 is excessively conservative. For
example, a factor of safety F¼1.25 was shown to capture
all but two of 503 pullout test measurements in the
available database using Model 2 predictions.
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